Introduction Although the human epidermal growth factor receptor 2 (HER2) blocker trastuzumab is generally well tolerated, cardiotoxicity can be an important therapeutic limitation. Objective In this prespecified analysis, we compared the cardiac safety of the trastuzumab biosimilar ABP 980 (KAN-JINTI™) and the trastuzumab reference product (RP; Herceptin ® ) in the phase III LILAC study (ClinicalTrials.gov identifier NCT01901146). Methods In the neoadjuvant phase of LILAC, after run-in chemotherapy, 725 patients were randomized 1:1 to ABP 980 (n = 364) or trastuzumab RP (n = 361) plus paclitaxel (every 3 weeks [Q3W] or every week [QW]) for four cycles. After surgery, patients continued treatment Q3W for up to 1 year; ABP 980-treated patients continued ABP 980 (ABP 980/ABP 980; n = 364), and trastuzumab RP-treated patients either continued on the RP (trastuzumab RP/trastuzumab RP; n = 190) or switched to ABP 980 (trastuzumab RP/ABP 980; n = 171). Cardiac safety was monitored by computerized 12-lead electrocardiogram, and left ventricular ejection fraction (LVEF) was assessed by two-dimensional (2D) echocardiogram. LVEF decline was defined as LVEF value decrease from study baseline by ≥ 10 percentage points and to < 50%. Results Over the entire study, 22 (3.1%) patients had protocol-defined LVEF decline; no meaningful between-group differences were observed (ABP 980/ABP 980: 2.8%; trastuzumab RP/trastuzumab RP: 3.3%; trastuzumab RP/ABP 980: 3.5%). The incidence of cardiac adverse events was low and comparable in the treatment groups. One grade 3 cardiac failure event reported in the trastuzumab RP/ABP 980 arm, and another in the trastuzumab RP/trastuzumab RP arm, were coincident with LVEF decline. One patient discontinued the investigational product during the adjuvant phase because of cardiac failure. Conclusion These prespecified analyses confirm the tolerability of ABP 980 and demonstrate clinical similarity of ABP 980 and trastuzumab RP with respect to cardiac safety. No new cardiac safety signals were observed whether patients were receiving ABP 980 or switched from the RP to ABP 980.
Introduction
ABP 980 is a biosimilar to Herceptin ® (trastuzumab; Roche Registration GmbH, Germany; Genentech, San Francisco, USA). Herceptin ® is approved for use in the United States (US), the European Union (EU), Japan, and much of the rest of the world for the treatment of metastatic breast cancer, early breast cancer, and metastatic gastric cancer, and is the standard of care for subjects with human epidermal growth factor receptor 2 (HER2)-overexpressing breast cancer [1, 2] . In the recent phase III LILAC trial (ClinicalTrials.gov identifier NCT01901146), ABP 980 was shown to be similar to the trastuzumab reference product (RP) with respect to efficacy, safety, and immunogenicity in women with HER2positive early breast cancer, with no clinically meaningful difference between the two products [3] . The LILAC study found that the frequency, type, and severity of adverse events (AEs), including cardiac events, were comparable between treatment arms and were consistent with the known safety profile of trastuzumab [1, 3, 4] . Based in part on these data, and the totality of evidence generated during development, ABP 980 (KANJINTI™ [trastuzumab], Amgen Europe B.V., The Netherlands) was approved by the European Medicines Agency in May 2018 for the same indications as Herceptin ® , including the treatment of HER2-positive metastatic breast cancer, HER2-positive early breast cancer, and HER2-positive metastatic adenocarcinoma of the stomach or gastroesophageal junction [5] . Since then, the US FDA has also approved ABP 980 (KANJINTI™ [trastuzumab-anns], Amgen Inc., Thousand Oaks, CA, USA) for all approved indications of the RP [6] .
While trastuzumab is generally well-tolerated, cardiac toxicity remains a rare but serious concern and may limit the therapeutic potential of trastuzumab in a subset of patients [7] . HER2 is known to play an important role in cardiac development and may also play a physiologic role in normal cardiac function [7, 8] . The mechanism of cardiac toxicity is not entirely understood but studies suggest that it may involve HER2 blockade. Trastuzumab-induced cardiotoxicity may result from decreased HER2 signaling required for cardiac contractility, interference with cardiomyocyte survival signals, and compromised myocyte stress response [7, 8] .
Left ventricular systolic dysfunction is the most concerning cardiac toxicity associated with trastuzumab, particularly when it is administered in combination with an anthracycline [7] . Adjuvant clinical trials of trastuzumab have reported severe heart failure in 1.44-4% of patients; the overall risk ratio (RR) of high-grade heart failure was reported to be 3.04-fold higher with trastuzumab than without [9, 10] . Moreover, up to 19% of patients were reported to have developed a significant decline in left ventricular ejection fraction (LVEF) [9, 11] . However, the TRYPHAENA study, which assessed the cardiac safety of trastuzumab and pertuzumab with chemotherapy during the neoadjuvant treatment of 225 women with HER2-positive early breast cancer, showed a low incidence of symptomatic left ventricular systolic dysfunction [12, 13] .
In this study, we examine in greater detail the cardiac safety of ABP 980 compared with trastuzumab RP in the LILAC study.
Materials and Methods
The study design is shown in Fig. 1 and has been described in detail previously [3] . Briefly, this randomized, multicenter, double-blind, active-controlled equivalence trial compared ABP 980 with trastuzumab RP in adult women with HER2-positive early breast cancer. Patients included women ≥ 18 years of age with histologically confirmed invasive breast cancer and with an Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1, were planned to receive neoadjuvant therapy and subsequent surgical resection of breast tumor and sentinel lymph node dissection (SLND) or axillary lymph node dissection (ALND), had HER2-positive disease (confirmed by a central laboratory before patients were randomized) defined as 3 + overexpression by immunohistochemistry or HER2 amplification by fluorescence in situ hybridization and with known estrogen and progesterone hormone receptor status at study entry, measurable disease in the breast after diagnostic biopsy, defined as the longest diameter ≥ 2.0 cm, and LVEF ≥ 55% by two-dimensional (2D) echocardiogram.
Exclusion criteria included the presence of bilateral breast cancer or known distant metastases; prior treatment including chemotherapy, biologic therapy, radiation, or surgery for primary breast cancer; concomitant active malignancy; and had concomitant active malignancy or a history of malignancy in the past 5 years, except treated basal cell carcinoma of the skin or carcinoma in situ of the cervix.
After a 28-day screening period, patients entered a neoadjuvant treatment period to receive run-in chemotherapy consisting of epirubicin and cyclophosphamide (EC) every 3 weeks (Q3W) for four cycles, followed by surgery within 3-7 weeks of the last dose of investigational product (IP) in the neoadjuvant phase. Once run-in chemotherapy was completed, patients with adequate cardiac function were randomized 1:1 to treatment with ABP 980 (Amgen Inc., Thousand Oaks, CA, USA) or trastuzumab RP (Herceptin ® ; Genentech, San Francisco, CA, USA) plus paclitaxel Q3W for four cycles; paclitaxel once weekly (QW) was also allowed if consistent with local standard of care. Randomization was stratified according to tumor or T stage (< T4, T4), node status (yes, no), hormone receptor status (estrogen receptor [ER]-negative and/or progesterone receptor [PR]positive vs. ER-negative and PR-negative), planned paclitaxel dosing schedule (QW, Q3W), and geographic region (Eastern Europe, Western Europe, or other). IP was administered at an initial dose of 8 mg/kg over 90 min, followed by 6 mg/kg intravenous infusions for three cycles.
Surgery (lumpectomy or mastectomy with SLND or ALND) was completed 3-7 weeks after the last dose of IP in the neoadjuvant phase. An adjuvant phase followed surgery, during which patients received ABP 980 or a trastuzumab
Key Points
Cardiotoxicity is an important therapeutic limitation of the human epidermal growth factor receptor 2 (HER2) blocker trastuzumab.
ABP 980 is a biosimilar to trastuzumab (Herceptin ® ) reference product (RP).
The cardiac safety of ABP 980 was compared with its RP in the phase III LILAC study, and the incidence of cardiac adverse events was found to be low and comparable in the treatment groups, with no new cardiac safety signals observed with ABP 980. RP 6 mg/kg intravenous infusion Q3W for up to 1 year starting from the first day of IP administration in the neoadjuvant phase. In the adjuvant phase, patients who initially received ABP 980 during the neoadjuvant phase continued receiving ABP 980 Q3W; patients who initially received trastuzumab RP during the neoadjuvant phase were randomized to either continue receiving trastuzumab Q3W or switched to ABP 980 Q3W (trastuzumab RP/ABP 980 group). Allocation to the neoadjuvant and adjuvant (including the single switch) treatment arm occurred at randomization and was maintained in a blinded manner.
AEs and disease progression or recurrence were assessed at each visit during the neoadjuvant and adjuvant periods.
During the adjuvant phase, the following assessments/ evaluations were made: AEs, serious AEs (SAEs), concomitant medications, disease progression or recurrence, and hematology sampling (all cycles); physical examination, vital signs and weight, serum chemistry, anti-drug antibody (ADA) sampling (cycles 5, 9, and 13), and pharmacokinetic sampling. AEs were monitored by investigators or reported by the patients after randomization through 30 days after the last dose of IP.
Cardiac Monitoring
For cardiac safety monitoring, computerized 12-lead electrocardiogram (ECG) recordings were obtained for heart rate, P, PR, QRS, QT, and QTc intervals. A copy of all ECGs were retained on site and could be collected for central review if required (i.e. in case emerging ECG data necessitated expert evaluation). ECGs could be repeated for quality reasons and additional ECGs could be collected by investigators for safety reasons. Any new clinically relevant abnormal findings were reported as AEs. Patients with clinically relevant cardiovascular adverse effects or AEs (or clinically relevant ECG changes) were withdrawn from study treatment per protocol.
To assess LVEF, a 2D echocardiogram was performed per local standard-of-care guidelines. During the neoadjuvant phase, the 2D echocardiogram was performed at screening, baseline (cycle 1) and at cycle 4 (last visit of the neoadjuvant phase) ( Fig. 1 ). At all indicated visits, the 2D echocardiogram was required to be performed and results obtained prior to IP administration. During the adjuvant phase, 2D echocardiograms were performed at cycles 9 and 13. A 2D echocardiogram was also performed during the end-of-treatment (EOT, cycle 17) and end-of-study (EOS) visits; EOS visits were scheduled 30 days after the last IP, or 1 year from the first IP for subjects who withdrew early but remained on scheduled assessments. Investigators were strongly urged to schedule the LVEF assessment at the same cardiac imaging facility that performed the patient's baseline LVEF assessment. If IP was discontinued for any reason, protocol-mandated LVEF assessments were obtained.
During IP treatment, if LVEF decreased by ≥ 10% points from the baseline (cycle 1) post-anthracycline/pre-randomization echocardiogram and to < 50%, treatment was suspended and a repeat LVEF assessment was performed within approximately 3 weeks. If LVEF was not improved or if it declined further, IP was to be discontinued. If symptomatic cardiac failure developed during the IP treatment, it was treated according to local standard of care. The IP was required to be discontinued in subjects who developed clinically significant heart failure. Based on the known safety profile of trastuzumab, treatment-emergent cardiac failure was a prespecified event of interest (EOI) that was monitored closely during the study.
Results
Key demographics and baseline characteristics are summarized in 
Left Ventricular Ejection Fraction Decline
On average, LVEF did not change over the course of the study and was comparable across the three treatment groups (Fig. 2) . The number of patients experiencing LVEF decline by ≥10% and to < 50% was low and comparable across treatment groups ( . Assessment of onset time of LVEF decline (by ≥ 10% and to < 50%) during the approximately 1 year of trastuzumab or ABP 980 treatment duration showed no definite patterns. Of the 22 events, 6 occurred before cycle 9, 6 between cycles 9 and 13, and 10 by EOT (cycle 13) or EOS ( Table 5 ).
The majority of patients with LVEF decline had a prior history of cardiovascular and metabolic disorders, including hypertension, arrhythmia, atrial fibrillation, arterial hypertension, venous insufficiency, hypercholesterolemia, and diabetes ( Table 5) . At screening, one patient had a slight delay of ventricular relaxation, and another had mild diastolic dysfunction; however, their LVEF values were normal at study initiation ( Table 5 ).
The majority of the LVEF declines were asymptomatic. There were three cardiac failure events (a prespecified EOI; discussed further in the following section), and three cases of ventricular hypokinesia that were coincident with LVEF decline by ≥ 10% points and to < 50% compared with baseline (Table 5 ). 
Cardiac Failure
The incidence of cardiac disorder AEs is shown in Overall, the incidence of cardiac failure was comparable in the ABP 980/ABP 980 (8 [2.2%]), trastuzumab RP/ trastuzumab RP (1 [0.5%]), and trastuzumab RP/ABP 980 (2 [1.2%]) groups. Most cardiac failure EOIs reported over the entire study were grade 1 (n = 7) or grade 2 (n = 3); none were grades 4 or 5. None of the cardiac failure EOIs were SAEs. All 11 subjects with cardiac failure EOIs were , and none experienced cardiac failure coincident with LVEF decline by ≥ 10% points and to < 50% compared with baseline. Cardiac failure events were grade 1 or 2 and patients completed all planned doses of IP, indicating resolution or no worsening of the cardiac failure event.
During the adjuvant phase, 2 (0.6%), 1 (0.6%), and 1 (0.6%) patients in the ABP 980/ABP 980, trastuzumab RP/ trastuzumab RP, and trastuzumab RP/ABP 980 groups, respectively, had at least one cardiac failure event. All cardiac failure events in the ABP 980/ABP 980 and trastuzumab RP/trastuzumab RP treatment groups were grade 1 or 2. One patient in the trastuzumab RP/ABP 980 arm (0.6%) had a cardiac failure event of grade 3 severity; all other cardiac failure events in this treatment group were grade 1 or 2. The grade 3 cardiac failure event was coincident with LVEF decline by ≥ 10% points and to < 50% compared with baseline. This cardiac failure event occurred 371 days after study drug initiation, was considered related to the study drug, and the patient recovered/resolved with sequelae; the 79-year-old patient had no relevant cardiovascular medical history. One patient discontinued IP during the adjuvant phase because of cardiac failure.
Discussion
The results of the phase III LILAC study previously demonstrated that ABP 980 is similar to trastuzumab RP with respect to efficacy, safety, and immunogenicity in women with HER2-positive early breast cancer. Here, we extend these results by presenting the outcomes of a prespecified IP investigational product, LVEF left ventricular ejection fraction, n number of patients experiencing LVEF decline by ≥ 10% and to < 50%, N1 number of patients with data available at a given assessment, RP reference product a Results from unscheduled visits were included in the overall summary b End-of-study visits were scheduled 30 days after the last IP, or 1 year from the first IP for patients who withdraw early but remained on scheduled assessments cardiac safety analysis of ABP 980 in that study. Although the mechanism is still not fully understood, cardiotoxicity is the most important limitation in the application of trastuzumab. Thus, cardiac safety is one of the most important parameters to carefully monitor when assessing the safety of a trastuzumab biosimilar. Our results demonstrate a low incidence of cardiotoxicity following long-term (up to 1 year) treatment with the trastuzumab biosimilar ABP 980 in combination with chemotherapy. No correlation was observed between subjects with an LVEF decline of ≥ 10 percentage points and to < 50% and subjects who experienced a cardiac failure EOI. There were no clinically meaningful differences in the incidence of LVEF decline between treatment arms in the adjuvant phase or over the entire study.
The limitation of the current analysis is that the study was not statistically powered to detect differences in cardiac parameters among the treatment groups, and that the small number of cardiovascular events noted during the study preclude more robust analyses.
Overall, the incidence of cardiac failure frequency in the LILAC study was within the expected range based on the label and published data for trastuzumab RP [1, 4] . Moreover, our analysis demonstrated comparable cardiac safety in patients who were switched from trastuzumab RP to ABP 980 following surgery compared with patients who were maintained on treatment with either ABP 980 or trastuzumab RP. This finding has important implications for clinicians who may consider switching patients from trastuzumab RP to ABP 980.
Conclusions
The results of this prespecified analysis of the LILAC study confirm the tolerability of ABP 980 and further demonstrate acceptable cardiac safety, which is a particular concern with trastuzumab therapy. No new or unexpected cardiac safety signals were observed with ABP 980 compared with trastuzumab RP, whether patients were started on ABP 980 or were switched from trastuzumab RP to ABP 980. 
